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ARTICLE INFO ABSTRACT

Edited by Dr. Menghua Wang This study addresses the occurrence of extreme values of chlorophyll-a concentrations in European seas, using
the satellite’s OBGP MODIS AQUA v2018 dataset, for the 2003-2021 period. Two novel and complementary
statistical indices based on the combination of the overall period’s and the monthly 90th percentiles (P90 and
mP90, respectively) are proposed: (i) the Extreme Highest exceedances (EH) include the observations with
highest chlorophyll-a magnitudes in each location (larger than P90 and mP90); (ii) the Extreme Anomalous
exceedances (EA) address the observations larger than mP90 but lower than P90, thus representing relevant
anomalies during low phytoplankton growing seasons. Given the important differences of available observations
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Seasonality per pixel, the EH and EA exceedances are normalized and also presented in percentage units.
Trends Although the occurrence of these indices greatly varies in time and space, the aggregated statistics and maps

reveal some clear patterns: EH and EA have very distinct (almost complementary) seasonal and spatial distri-
bution, EH prevail in mesotrophic and euphotic waters during the main interannual bloom season whilst EA are
more abundant in oligotrophic waters out of the main seasonal bloom in each area. Both significant (p < 0.05)
increasing and decreasing annual trends have been found in different European Seas. Overall, these EH and EA
trends are reflecting the climate-driven physical and ecological changes in European Seas. Although these results
and the conceptual and computational simplicity of these indices are encouraging, further ground truth testing is
required to account for their uncertainties, mostly related to data representativeness and the performance of the
chlorophyll-a estimation algorithms.

1. Introduction

In the last years, the study of “Extreme Climate Events” (ECEs) in the
ocean, has been mostly concentrated on abiotic parameters such as sea-
level, marine heat waves, cold spells, and extreme waves (Bailey and
Van De Pol, 2016; Ren et al., 2018; IPCC, 2022a, 2022b). Extreme events
of biogeochemical properties, such as chlorophyll-a concentration, have
received less attention despite their high impact on marine ecosystem
functioning and services, and their cascading effects (Gutschick and
BassiriRad, 2003; Ummenhofer and Meehl, 2017; Van de Pol et al.,
2017; Di Biagio et al., 2020; United Nations, 2021).

The occurrence of extreme chlorophyll-a values is related to intense
phytoplankton blooms that may entail adverse events such as eutro-
phication and toxic events produced by Harmful Algae Blooms (HABs)
(IPCC, 2022a). Globally, these events represent an important concern in
many coastal and marine areas (IPCC, 2022b). In Europe, eutrophication
problems affect about 563,000 km? (or 23%) of the marine areas
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assessed by the European Environment Agency (Environmental Euro-
pean Agency, 2019). HABs incidence is also increasing in different Eu-
ropean marine regions (Vasconcelos, 2013; Glibert et al., 2018; Zingone
et al.,, 2020). HABs are responsible for important adverse socio-
economic impacts related to aquaculture, health hazards for human
consumption of fish and shellfish, tourism and recreational activities,
and human well-being (Berdalet et al., 2015; Sanseverino et al., 2016).

The occurrence of extreme values of chlorophyll-a does not always
lead to toxic or eutrophication events (Cloern, 2001; Wei et al., 2008), as
other physical or biological conditions need to concur (i.e., oxygen
availability, presence of toxic phytoplankton species, etc.). Neverthe-
less, both types of events are generally associated with steep increases of
phytoplankton cells. Therefore, the identification of locations and pe-
riods of extreme chlorophyll-a values may help to point out to the most
hazardous zones and dates for their occurrence and their tendencies.
This information can be useful to define and implement adequate
monitoring and management measures under policies such as the
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European Water Framework Directive (WFD) 2000/60/EC or the Marine
Strategy Framework Directive (MSFD) 2008/56/EC (Borja et al., 2010).

Different types of metrics can be used for ‘extreme indices’ (Smith,
2011). These can be based on the probability of occurrence of given
quantities, on quantitative thresholds, or related to the length or
persistence of the events. Indices based on the occurrence probability
may include the number, percentage, or fraction of days with observa-
tion values below the 1th, 5th, or 10th percentiles, or above the 90th,
95th, or 99th percentile values. They are generally defined for given
time frames (days, month, season, annual) with respect to a reference
time period (i.e 1981-2010) (IPCC, 2012). These extreme indices reflect
rather ‘moderate extremes’, as more uttermost ‘extremes’ are usually
investigated using Extreme Value Theory (EVT). (Kinnison, 1983; Coles,
2001), which is based in the estimation of the probability of very distant
values in a distribution (generally <1 to 5% of the considered overall
sample).

Concerning the indices based on quantitative thresholds, to our
knowledge, there are no universally accepted thresholds or scales to
define extreme values of chlorophyll-a in marine waters. In fact, due to
the high heterogeneity of chlorophyll-a dynamics across marine eco-
systems (Winder and Cloern, 2010), the definition of absolute values’
scales or thresholds of chlorophyll-a is hardly applicable for large scale
studies. Most of the classifications, scales or thresholds proposed in the
literature for marine chlorophyll-a are linked to local studies focusing on
eutrophication or HABs events (Ferreira et al., 2011; Sutula et al., 2017),
or as thresholds for setting legal limits for healthy seafood, drinking
waters or bathing quality (World Health Organisation, 2003). Most
often, these thresholds are also adapted to local or regional scopes.

In previous studies on extreme indices of chlorophyll-a in marine
systems, Gohin et al. (2008) used the 90th percentile of satellite
chlorophyll-a during the productive period (March to October) to
identify eutrophication risk in coastal waters along the French Atlantic
coast and the English Channel. Novoa et al. (2012) also used the 90th
percentile for satellite data in the southeastern coast of the Bay of Biscay,
and the 2005-2010 period to classify water quality status under the
WED. Borja et al. (2019) used the 90th percentile of chlorophyll-a be-
tween 2009 and 2014 to assess the quality status for Descriptor 5
(eutrophication) of the MSFD in a pan-European marine environmental
status assessment. Di Biagio (2016) and Di Biagio et al. (2020) used the
occurrences of 99th percentile to analyze chlorophyll-a extremes in the
Mediterranean Sea, based on data from a coupled hydrodynamic-
biogeochemical model. In addition, the WFD intercalibration exercise,
sets the 90th percentile as a reference for the chlorophyll-a indicator in
different European countries’ marine waters (European Commission,
2018).

In this context, this study aims: (i) to propose an approach to define
and identify chlorophyll-a extreme indices and events (metrics and
method) applicable at large scales, in this case covering all the European
seas, and (ii) to calculate the spatial and temporal occurrence and trends
of these events across the different primary production regimes found in
the European regional seas.

2. Data and methods

The MODIS-AQUA v2018 (NASA-Ocean Biology Processing Group,
2018) reprocessed dataset was used in this study. The files downloaded
from  https://oceandata.sci.gsfc.nasa.gov/directdataaccess/Level-3%
20Mapped/Aqua-MODIS, correspond to the daily, 4 km, “Chlorophyll
Concentration, OCI Algorithm” product (Hu et al., 2012) expressed in
mg m>. The OCI algorithm applied in the dataset, is an empirical model
combining a three-band difference color index (CI) for low chlorophyll-a
concentrations (<0.15 mg m — 3), and the formerly used OCx band ratio
algorithms (O’Reilly et al., 2000) for higher chlorophyll-a values. The
MODIS-AQUA v2018 reprocessed dataset implements instrument cali-
bration and vicarious calibration updates but the algorithms are iden-
tical to those employed in the R2014.0 multi-mission reprocessed
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dataset. According to the dataset documentation, MODIS-AQUA v2018
significantly improve the agreement between MODIS AQUA-retrieved
and in situ chlorophyll from SeaBASS data, with a notable reduction
in mean bias from 32% to 18%. (https://seabass.gsfc.nasa.gov/search
#val, https://oceancolor.gsfc.nasa.gov/data/reprocessing/r2018/
aqua/, Franz et al., 2018). However, the performance of this algo-
rithm in complex optical waters (case-2 waters) like those found near
coasts or in enclosed seas like the Baltic Sea or the Black Sea, are still low
(Suslin and Churilova, 2016; Pitarch et al., 2016; Hu et al., 2019; Brando
et al., 2021; Lavigne et al., 2021; Tilstone et al., 2021). The retrieval of
accurate chlorophyll-a concentrations in coastal waters using remote
sensing data remains an important challenge despite the development of
several improved algorithms and procedures worldwide (Suslin and
Churilova, 2016; Hu et al., 2019; O’Reilly and Werdell, 2019; Brando
et al., 2021; Lavigne et al., 2021; Sathyendranath et al., 2021; European
Union-Copernicus Marine Service, 2022).

This dataset was finally selected because of (i) its extended spatial
coverage (covering all European regional seas), (ii) its wide temporal
range (2003—2021), (iii) its homogeneity in terms of data origin (single
sensor and platform) and processing methodology that restricts the
causes of data uncertainties and eludes issues related to multi-sensor
data merging and cross-calibration procedures (Morozov et al., 2010;
Maritorena et al., 2010; Sathyendranath et al., 2017; Staehr et al., 2022;
Gomez-Jakobsen et al., 2022), and (iv) its adequate spatio-temporal
resolution for European seas scale (4 km pixel size and daily satellite
passes). It is important to bear in mind that despite the daily passes of
satellite, the dataset has observation gaps, usually due to cloud and ice
coverage, that prevent having satellite ocean color observations under
those conditions.

The downloaded data files were geographically subsetted to a
geographical extent from 24°N to 90°N and from 45°W to 69°E, to cover
the whole European regional seas. Then, they were processed to add a
time dimension and merged to a 3D data cube from which the succesive
indices and statistics were computed. A schema of the series of analyses
done and their main outcomes is presented in Fig. 1.

Initially, the 90th percentile of the chlorophyll-a values for the whole
2003-2021 period (hereafter P90) was calculated for each pixel as a
threshold to identify extreme values. This election was supported by
various reasons: (i) 90th percentile is a widely used indicator for setting
quality thresholds of chlorophyll-a in European marine assessments
(European Commission, 2018) under the WFD and subsidiarily for the
MSFD, (ii) the simplicity of its calculation, and (iii) it is a threshold in-
dependent of chlorophyll-a magnitudes and, therefore, applicable across
different primary production regimes: in oligotrophic waters the P90
will be lower than in eutrophic waters but the number of exceedances
will have a similar meaning.

Then, the chlorophyll-a values above the P90 were identified and
counted (Exc_P90) to obtain the number of exceedances per year and per
month in each pixel.

This initial analysis disclosed two important outcomes. The first one
concerns the large difference in the number of available observations in
different European areas and months (see Supplementary Material
SM1). Large gaps of data are found in high latitudes during winter
months. The Mediterranean accounts for the largest number of daily
observations, varying from 10% in winter months to >50% in July and
August. To consider these differences, maps of exceedances divided by
the number of available observations per pixel were also produced and
represented as percentages of exceedances (Fig. 1). The second impor-
tant outcome is related to the seasonal patterns of P90 revealed in the
monthly maps of P90 exceedances seemingly linked to the regional
primary production cycles. A consequence of this distribution is that the
highest chlorophyll-a values in months with low primary production are
often lower than the overall P90 values and are not counted among the
extreme exceedances. Nevertheless, these events could be locally rele-
vant. Thus, to avoid the under-reporting of these events, the 2003-2021
climatological monthly 90th percentiles of chlorophyll-a were computed


https://oceandata.sci.gsfc.nasa.gov/directdataaccess/Level-3%20Mapped/Aqua-MODIS
https://oceandata.sci.gsfc.nasa.gov/directdataaccess/Level-3%20Mapped/Aqua-MODIS
https://seabass.gsfc.nasa.gov/search#val
https://seabass.gsfc.nasa.gov/search#val
https://oceancolor.gsfc.nasa.gov/data/reprocessing/r2018/aqua/
https://oceancolor.gsfc.nasa.gov/data/reprocessing/r2018/aqua/

Y. Sagarminaga et al.

MODIS-AQUA
v2018
download

v

Geographical subset

Remote Sensing of Environment 300 (2024) 113885

Extreme Highest (EH)
P90 < x > mP90

+ time dimension

i 90th percentile (P90)

\ Daily 2003-2021
EH exceedances
(EH, EH (%))

Daily 2003-2021 I ‘ T
Chlorophyll-a (mg m~-3) :
. Daily 2003-2021 Classification of exceedances
P . P90 exceedances o |
NS N — mP90
mme | NN | = - EH
N bservations 2 |° .
NN 2 observations = . 5 * EA
W £t
\ ‘iﬁgg’ﬁ" —»524{_ 2§
Latitude ‘H&"' Longitude e e——— . % m
{ Monthly 90th 2 - |
i percentiles ! l I I\l\l\H—‘/i/l/I
! (mP90) .|

Daily 2003-2021
mP90 exceedances
(Exc_mP90, Exc_mP90(%))

Extreme Anomalous (EA)

P90 > x > mP90

Daily 20u3-2021

EA exceedances
(EA.EA(%))

Fig. 1. Schematic representation of the analysis and outputs produced within this study. P90: 90th percentile; mP90: monthly 90th percentile; Exc_P90: Exceedances

over the 90th percentile; Exc. mP90: Exceedances over the monthly 90th percentile;

(hereafter mP90) and the exceedances related to the mP90 were calcu-
lated in a second exceedances series (Exc_mP90). New monthly and
annual maps were generated for this data series.

The comparisons of Exc_P90 and Exc_mP90, showed clear distinct
monthly patterns in many areas, but the similarity of the Exc_ P90 and
Exc_mP90 annual maps outlined that several exceedances are counted in
both series and blur the comparative conclusions of annual patterns.

To solve this, a classification of the exceedances in two groups was
made (see Fig. 1): (i) chlorophyll-a values exceeding both P90 and
mP90, which represent the highest chlorophyll-a values reported within
each location, and (ii) the exceedances above mP90 but below P90,
which include observations where chlorophyll-a magnitudes do not
reach the highest 10% values in each location, but represent relevant
high anomalies from the expected monthly values of chlorophyll-a (see
graph in Fig. 1). Hereafter, we name the first ones as EH (Extreme
Highest), and the second ones as EA (Extreme Anomalous) exceedances.
The values above P90 but below mP90 are no longer considered as
exceedances. This classification produces two not-overlapping series of
observations, which means that an observation classified in one group is
not counted in the second one. This classification also implies a con-
ceptual distinction of extreme events, distinguishing extreme observa-
tions related to the magnitudes of chlorophyll-a (EH), and extremes
related to the expected seasonal chlorophyll-a levels (EA).

EH: “Extreme Highest” events and “Extreme Anomalous” events (EA).

Monthly and annual exceedances maps for EH and EA series were
produced, both as number and as percentages of available observations.

Finally, the annual trends of exceedances for all series were calcu-
lated using the Mann-Kendall trend test (Kendall, 1975). One benefit of
this test is that the data does not need to conform to any particular
distribution. The test compares the relative magnitudes of sample data
rather than the data values themselves (Gilbert, 1987). The Mann-
Kendall Score index (S) and its associated probability (p-value) were
computed to identify areas with statistically significant trends at 95%
confidence level. The Sen’s slope (Sen, 1968) was calculated as an es-
timate of the trend magnitude. The percentages of pixels occupied by the
statistically significant trends in each European regional sea (i.e. Baltic
Sea, North-East Atlantic Ocean, Mediterranean Sea, and Black Sea) was
calculated intersecting the trend maps with the polygons of the regional
seas around Europe map (Environmental European Agency, 2022). The
polygon correspnding to the outer Atlantic area that is not included in
this map, was created as the difference between the total Atlantic region
extent and the Atlantic subregional seas polygons.

All the former processing steps, calculations and map plots were
done using the “Climate Data operators” library (Schulzweida, 2021),
the R core library (R Core Team, 2020) and RStudio software (RStudio
Team, 2019), including the following R packages: “ncdf4” (Pierce,
2021), “raster” (Hijmans and Van Etten, 2012), “rgdal” (Bivand et al.,
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2015), “maptools” (Lewin-Koh and Bivand, 2011), “maps” (Deckmyn,
2021), “mapdata” (Deckmyn, 2018), “rasterVis” (Perpinan and Hijmans,
2022), lattice (Sarkar, 2008), latticeExtra (Sarkar and Andrews, 2019)
and trend (Pohlert, 2020). The spatial geoprocessing was done unig
QGIS 3.20.1-Odense (QGIS.org, 2022),

All the files created are publicly available in Zenodo’s repository
(Sagarminaga, 2023).

3. Results
3.1. 90th percentile of chlorophyll-a (P90)

The P90 values of chlorophyll-a for the 2003-2021 period (Fig. 2)
show big dissimilarities across the different European marine regions.
These differences are associated with the heterogeneity of primary
production regimes: very low P90 values (<0.5 mg m~>) are found in the
Mediterranean Sea and the Macaronesia region; highest values (>10 mg
m~2) are found in the Baltic Sea, in the Azov Sea and, as well as in the
coastal areas of the Arctic Sea, North Sea, Celtic Seas, Iberian region and
northern Black Sea. Intermediate P90 values are registered in mid and
low latitudes of the Atlantic Ocean and Arctic Sea, in the Black Sea, and
the coastal zones of the western Mediterranean Sea and western Adriatic
Sea.
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As by definition of the P90, the total number of exceedances related
to P90 in each pixel corresponds to the 10% of the available observa-
tions, and thus cannot be used to assess the spatial patterns of these
extreme values’ occurrences.

The monthly distribution of Exc_P90s (Fig. 3) evidences seasonality
patterns: the highest Exc_P90 values occur in months coincident with the
phytoplankton growing season(s) in each marine region (i.e., winter and
early spring months in the Mediterranean, spring in mid latitudes and
late spring and summer months in northern latitudes).

The annual distribution of Exc_P90 values (Fig. 4) shows a very high
spatial and interannual variability where high exceedances spots are
found in different areas each year.

3.2. Monthly 90th percentile (mP90)

The maps representing the 90th percentile of chlorophyll-a in each
climatological month (mP90) (SM2), clearly confirm the seasonality
patterns previously identified in the monthly Exc P90 maps. These
different mP90 seasonality cycles are better apprehended in Fig. 5,
where mP90 and P90 values in 16 selected locations around European
seas have been extracted and plotted. These locations were selected
arbitrarily in different European seas as example purposes, info from
other locations can be extracted from the published exceedances series

P90(mg/m?)
40

80°N —

70°N —

60°N

50°N

40°N

30°N

40°W 20°W 0°

I
20°E

40°E 60°E

Fig. 2. Distribution of the 90th percentile (P90) of the chlorophyll-a values between 2003 and 2021 in all European seas’ subregions. The spatial extents of the
regional are derived from the Regional seas around Europe map (Environmental European Agency, 2022): ABL: Bay of Biscay and the Iberian Coast; ACS: Celtic Seas;
AMA: Macaronesia; ANS: Greater North Sea, incl. The Kattegat and the English Channel; BAL: Baltic Sea; BAR: Barents Sea; BLA: Black Sea - sea of Azov; BLK: Black
Sea; ICE: Iceland Sea; MAD: Adriatic Sea; MAL: Aegean-Levantine Sea; MIC: Ionian Sea and the Central Mediterranean Sea; MWE: Western Mediterranean Sea; NOR:

Norwegian Sea; OTL:Outer Atlantic ocean; WHI: White Sea.
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Fig. 3. Monthly distribution of Exc_P90 (chlorophyll-a exceedances related to 90th percentile during the 2003-2021 period).

(Sagarminaga, 2023).

These plots evidence the major spatial and temporal differences of
mP90 values across European marine regions as well as the differences
of the magnitude ranges of mP90. For instance, mP90 in the Mediter-
ranean Sea is always below 1 mg m™~>, and shows a seasonal cycle with
minima values in summer and maxima values in late winter or early
spring. The highest values of mP90 (>10 mg m™~2) are found in the Baltic
Sea, with a primary mode in March, and a secondary peak in July-Au-
gust. In the Atlantic Ocean, most locations show a seasonal pattern with
a single peak in March in lower latitudes and in April-May in higher
latitudes. This peak has low values in the Macaronesia region (0.30 mg
m~2) and high values in the English Channel (20 mg m~>). Within the
Black Sea region there are two distinct mP90 seasonal regimes; in the
Central area the mP90 values range between 0.6 and 1.4 mg m ™2 and
show a peak in December, whereas in the northern Black Sea, the ranges
are higher and wider (1.7 to 3.5 mg m~®) and the seasonal pattern shows
a minimum in March and a maximum in May.

The monthly exceedances related to mP90 (Exc_mP90), as per the
definition of the metric, represent 10% of the available observations in
each month, and thus reflect more the differences of the sample size per
month, than the differences related to the extreme values occurrences.

As the maps of the yearly exceedances related to mP90 (Exc_mP90s)
do not allow to identify the exceedances occurring off the growing
seasons that we wanted to reveal using the mP90 thresholds, we took a
step forward to use the EH and EA metrics.

3.3. Extreme highest (EH) and Extreme anomalous (EA) exceedances

Hence, as mentioned in the methods section, the exceedances were
classified in two non-overlapping groups: (i) those exceeding both P90
and mP90 thresholds (EH) and (ii) the exceedances that are above mP90
but below P90 (EA).

The total number of exceedances and corresponding percentages of
EH and EA sets for the whole 2003-2021 period are mapped in Fig. 6.
These maps show the high difference of spatial distribution between EH
and EA. They also put in evidence that some areas with low number of
exceedances are in fact areas with high percentages of exceedances,
outlining the importance of considering the effect of the variability of
the number of observations in each pixel.

The highest EH percentages appear mostly in northern latitudes and
the highest EA percentages appear in southern latitudes. Hence, 45°N
seems to be a latitudinal inflexion boundary. Exceptions to this general
pattern are found in the coastal and shelf areas below 45°N, in the Black
Sea, the Caspian Sea, the central North Sea, and some areas of the Arctic
Sea.

The monthy distributions of EH and EA percentages (Fig. 7), show
that EH exceedances are found in latitudinal ranges where the seasonal
growing season is taking place, winter in the latitudes below 40°N, and
towards higher latitudes from spring to summer months.

The monthly EA exceedances appear mainly from January to April in
the Atlantic Ocean, from April to November, in the southerm and coastal
European seas excepting the Baltic Sea, and in Arctic waters during July
and August.
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Fig. 6. Top: Total number of exceedances of extreme highest (EH) and extreme anomalous (EA) observations. Bottom: ratio between EH and EA exceedances and the

available number of observations in each pixel expressed as percentage values.

The annual distribution of EH and EA percentages show a very high
interannual variability in both cases (SM3 and SM4), but the annual
distributions of EH and EA are different. There are areas with clear
prevalence of one excedance class (either EH or EA), and there are also
some areas were high percentages of both types of exceedances occur in
the same year.

Despite the large scale and temporal patterns described above it is
important to keep in mind that the occurrence of these extreme chlo-
rophyll events have a remarkably high episodic-like variability. This
variability is more evident in the heatmap plots of %EH and %EA in the
16 sample locations evaluated (SM5).

3.4. Annual trends

The high interannual variability found in annual maps makes it
difficult to find recurrent patterns. Thus, annual trends have been
calculated with the Mann Kendall test, to identify areas in which the
temporal evolution of exceedances shows some sustained evolution
(Fig. 8).

The red coloured areas represent significant (p-value<0.05)
increasing trends, and the blue coloured ones significant (p-value<0.05)

decreasing trends.

These maps reflect that in the Atlantic Ocean, there is a combination
of latitudinal ranges with significant increasing and decreasing trends
concerning both EH and EA events: increasing trends appear in latitudes
below 30°N, between 40°N and 50°N and above 70°N, and significant
decreasing trends appear between 30°N and 40°N and in the area be-
tween the British Isles and Iceland.

The percentages of pixels occupied with EH and EA significant
increasing and decreasing trends in each European subregion have been
calculated using the Fig. 9 data.

Fig. 9 confirms that areas of significant increasing trends for both EH
and EA prevail in most subregions except for the Black Sea, the Sea of
Azov, and the Celtic Seas. Areas with EH significant increasing trends
are generally bigger than those occupied by EA increasing trends in all
subregions except the Iceland sea, the North Sea, the Celtic Sea, and the
Bay of Biscay subregions.

Almost no areas with EA significant decreasing trends are registered
in the most northern subregions (Barents Sea, White Sea, Norwegian
Sea, and Baltic Sea), and in the Adriatic subregion.

The EA significant decreasing trend areas prevail over the EH
decreasing areas in all the Mediterranean subregions, especially in the
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number of observations.
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central and western subregions. 2013), also detected in the mP90 values calculated in this study, en-

courages the use of thresholds based on relative frequency metrics such

4. Discussion as the 90th percentile for large scale studies. This approach prevents the

need of defining a myriad of quantitative thresholds adapted to different

The high heterogeneity of ranges and dynamics of chlorophyll-a areas and seasons that hamper comparative interpretation (European

production across European Seas (Longhurst, 2007; Reygondeau et al., Commission, 2018; Macias Moy et al., 2020), as happens also in primary
Primary bloom Secondary

bloom

-At --Timing & Duration-- +

®

I =+

®

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
PS0 O EH exceedance

m mPS0 @ EA exceedance
. Not considered as exceedance.
. EA in premature bloom. Not intense enough to be considered EH.
@ EH in premature bloom.
@ EH in increased intensity interannual primary bloom.
@ EH in extended duration primary bloom.

. EA in episodic anomalous bloom.

@ EH in episodic anomalous bloom.

. EA in intense secondary bloom (where secondary bloom intensity is very low).

EH in intense secondary bloom (when secondary bloom intensity reaches P90).
’ EA in long duration secondary bloom.

Fig. 10. Examples of Extreme highest (EH) and Extreme anomalous (EA) exceedance cases and their possible ecological meaning. P90: 90th percentile; mP90:
monthly 90th percentile.
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production and nutrients (Poikane et al., 2019).

The seasonal pattern found in the top 10% of the highest chlorophyll-
a values, evidence that, at this threshold level, these extremes are still
linked to the phytoplankton bloom dynamics and phenology. Other
studies that analyze higher extremes like those based on the generalized
extreme value distribution fitted to annual maxima (Britten, 2022) or
the “Extreme Event waves” indices based on the 99th percentile (Di
Biagio et al., 2020), find weaker patterns and trends, as more “rare”
events. Di Biagio et al. (2020) also evidenced a significative influence of
the retained threshold on the derived indices results. In this study, no
comparative analysis has been attempted using other threshold limits
such as 95th and 99th percentiles (although interesting to attempt in the
future), because of our specific interest in analyzing the of 90th
percentile exceedances distribution which is currently the most broadly
used reference for water quality and phytoplankton ecological status
assessments in European waters (European Commission, 2018).

The utility of considering the mP90 in the definition of the EH and EA
extreme indicators, allows to account for the extreme values of
chlorophyll-a produced during lower growing seasons (Gonzdlez
Taboada and Anadon, 2014; Di Biagio et al., 2020), and to reject those
that although high in magnitude (> P90) are among the seasonally ex-
pected values (< mP90).

The conceptual ecological/phenological meaning of the two com-
plementary and non-overlapping EH and EA extreme indices is pre-
sented in Fig. 10. Overall, EH exceedances are mostly registered during
the interannual growing season(s), and EA exceedances are found dur-
ing low phytoplankton growing periods. EA exceedances may reflect
unexpected episodic anomalous blooms, extreme values occurring dur-
ing low intensity secondary seasonal blooms, or extremes registered
earlier or later than the expected growing season timing. In the areas
where the secondary bloom’s magnitudes are sufficiently high (mP90
higher or close to P90), the extreme values associated with this bloom
will likely fall under the EH indicator. Unexpected anomalous blooms
can also be recorded as EH if their intensity overpasses the overall P90.

Another relevant aspect acknowledged in this study, is the need of
integrating the spatio-temporal differences of the number of observa-
tions available throughout the area of study to normalize the count of
extreme occurrences across different locations and times. In this sense,
although the use of satellite imagery greatly increases the number of
observations of chlorophyll-a, there are still locations and months with
scarce or no observations. In these cases, as previously warned in Cole
et al. (2012), the values of statistical indices such as the 90th percentiles,
can entail significant uncertainty. Besides, in areas with low number of
observations the probability of missing extreme values events, that
usually have short durations, is not negligible. A workaround of this
problem could be the use of reconstructed or merged products issued
from satellite observations (Coppini et al., 2013; Sathyendranath et al.,
2020; Staehr et al., 2022) or the use of model simulated chlorophyll-a
(Henson et al., 2018; Miladinova et al., 2020; Di Biagio et al., 2020).
However, these products also include uncertainty levels linked to the
gap filling and modelling methods used, and the conclusions may be
data-dependent (Henson et al., 2018).

The EH and EA extremes indicators approach, as per its ecological/
phenological linkages, may help to narrow the search of possible causes
behind these different events: i.e. phenology shifts of different seasonal
blooms due to large scale climate change or local interannual Oceano-
meteorological variability (Ueyama and Monger, 2005; Sydeman and
Bograd, 2009; Zhang et al., 2017; Henson et al., 2018; Cresswell-Clay
et al., 2022), changes of ecosystem structures and successions, local
scale episodic extreme events, either natural (i.e. large precipitations,
volcanic eruptions, dust storms, upwellings) or anthropogenic (i.e.
nutrient discharges from agriculture, industries or urban waste). Often
these events obey to a combination of different causes (Barale et al.,
2008).

The occurrences of the %EH and %EA in each single location show a
very patchy variability that makes it difficult to draw any conclusion,
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but some patterns appear when aggregated in the total exceedances’
maps, in the monthly maps and in the annual trend maps.

Spatially, EH seem to prevail in natural mesotrophic and eutrophic
waters like the offshore Atlantic areas above 40-45°N, coastal and shelf
areas, the Baltic Sea, and the northern Black Sea with the exception of
the central North Sea and some areas in the Arctic Ocean (Greenland and
Barents Sea). However, most of the EA are found in the natural oligo-
trophic waters like the Macaronesian subregion and the Mediterranean
offshore areas. This seems to point out to a quite generalized increase of
the intensity of the primary blooms in European eutrophic waters whilst
the number of blooms produced off the growing seasons seems to be
more frequently observed in oligotrophic areas. In this last case, the low
climatological ranges of chlorophyll-a can also contribute to the EA
prevalence as whenever there is an episode triggering chlorophyll-a
production, the EA threshold might be more easily reached.

Although this study does not aim to address the identification of the
factors behind the patterns identified, some information related to the
phytoplankton production drivers, and the trends of the blooms’ in-
tensity and timing shifts in different European regional seas have been
searched in the literature to evaluate their coherence with the %EH and
%EA patterns:

(i) Inthe Baltic Sea, %EH maxima in April and July coincide with the
first diatom dominated bloom after ice melting and winter
nutrient enrichment and the second cyanobacteria dominated
bloom respectively (HELCOM, 2009; Klais et al., 2011; Kahru
et al., 2020; Beltran-Perez and Waniek, 2022). Warmer periods
registered in the Baltic (HELCOM, 2009; Meier et al., 2022) cause
spring blooms to peak earlier, and summer blooms to be longer
and reach higher abundance and biomass (Spilling and
Lindstrom, 2008; Suikkanen et al., 2013; Tamelander et al., 2017;
Beltran-Perez and Waniek, 2022). The increasing trends for both
%EH and %EA in the Baltic Sea seem to corroborate these
findings.

In the Arctic Ocean, the warm and saline Atlantic water trans-
ported by the subpolar gyre to the Arctic Ocean (Barents Sea and
Greenland Sea) has nearly doubled over the past decades (Dal-
padado et al., 2012; Oziel et al., 2017) causing the decline in sea-
ice extent and a high interannual variability of the sea-ice edge
(Oziel et al., 2017). The sea-ice edge seems to exert a dominant
control on a bi-modal pattern of the spatial distribution of pri-
mary production in these areas (Koul et al., 2022). This bi-
modality seems to appear in the spatial distribution of the P90,
and the cumulative %EH and %EA in the area, although less
evident in the trend maps. In the Barents Sea, years of shallower
mixed layer driven by both calm waters and higher freshwater
input keeps the phytoplankton in the euphotic zone, causing the
spring bloom to start earlier and reach higher biomass, but it ends
sooner due to the lack of nutrients upwelling from the deep (Koul
et al., 2022). In the Norwegian Sea warmer waters are correlated
to earlier and stronger blooms in most regions but with later and
weaker blooms in the eastern Norwegian Sea (Koul et al., 2022).
The predominance of %EH increasing trends in the Arctic seas
seem to be aligned with these results. However, any conclusion
from this area has to be handled with care due to the low number
of observations available from this area.

in the Atlantic Ocean, the latitudinal shift of the %EH peaks co-
incides with the timing of the first interannual bloom also re-
ported by Gonzalez Taboada and Anadon (2014). The highest
values of %EA in these areas is found during the pre-bloom and
post-bloom months in each location which seem to support the
influence of inter annual variability of environmental factors,
such as wind forcing, photosynthetically active radiation and sea
surface temperature (Gonzalez Taboada and Anadon, 2014) on
the timing, intensity and duration of the primary seasonal bloom
in these areas. The trends of %EH and %EA in the Atlantic Ocean

(i)

(iii)
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(iv)

)

(vi)

seem to be generally increasing with a similar spatial pattern
detected by Zhang et al. (2017) for the 2002-2015 period, except
in two latitudinal strips, one between 30°N and 40°N, and the
second one just below the Scotland-Iceland Ridge. Both areas
seem to coincide with transitional areas at the limits of the sub-
polar Atlantic gyre with the sub-tropical gyre in the south, and
with the Norwegian Sea gyre (Hattin et al., 2021) in the north.
The North Atlantic gyres and their variation are known to play a
vital role in transporting heat, salt, and nutrients throughout the
ocean basin and on their ecological structure and dynamics
(Hattin et al., 2009, 2016, 2017; Ghosh et al., 2023). In addition,
in the northern Atlantic zones, Feng et al. (2014) suggested that
besides physical effects (bottom-up), zooplankton grazing effects
(top-down) has a significative influence to shape the seasonal
phytoplankton dynamics.

In the North Sea, %EH are dominant in spring and %EA are
significative in summer. The %EA register a more clear increasing
trend in line with the increasing trends of the duration and the
intensity of the summer blooms observed by Silva et al. (2021). In
the North Sea, despite the important decrease of nutrient inputs
since the 1980s (Painting et al., 2013; Burson et al., 2016) there is
still a high chlorophyll-a production in both coastal and open
waters that several authors relate to climatic variability via sea
surface temperature, stratification conditions, water trans-
parency and changes in phytoplankton dynamics (Desmit et al.,
2020).

In the Mediterranean Sea, the highest %EH appear in winter
(December to March), and the %EA expand from May to
November, with a clear prevalence of %EA over %EH in the total
count of exceedances. The prevalence of %EA on %EH seem in
line with a general decrease of average chlorophyll-a values in
the annual and monthly means and a positive trend of
chlorophyll-a anomalies reported by Barale et al. (2008) for the
period 1998-2003. Salgado-Hernanz et al. (2019) also found
several high frequency episodes (irregular variability) in the
Mediterranean Sea during all seasons. Although both papers
situate most of these anomalies at near-coastal hotspots, linked to
continental runoff, intense winds, exchanges with adjacent seas
(i.e., in Alboran and Northern Aegean Seas) and to a growing
“biological dynamism” at these sites, the %EA counted in this
study can be found in all the Mediterranean waters (coastal and
offshore). The increasing trends of %EH prevail in the Adriatic
Sea and in the Levantine-Aegean subregion and seem to coincide
spatially with the increasing trend of the duration of the main
phytoplankton bloom observed in the 1998-2014 phenological
trend maps from Salgado-Hernanz et al. (2019). Decreasing
trends of %EA prevail in the northwestern and central Mediter-
ranean subregions. Similar trend patterns were observed by
Coppini et al. (2013) in the summer (May-September)
chlorophyll-a averages for the period 1998-2009. For more
updated periods 1997-2021 and 2003-2020 (European Union-
Copernicus Marine Service, 2020; El Hourany et al., 2021) the
decreasing trends of annual averages of chlorophyll-a in most of
the Mediterranean area is also detected.

In the Black Sea, clear decreasing trends of both %EH and %EA
are found in the northwestern coast and in the Azov Sea. In these
areas a clear decreasing trend of bloom frequency was found by
Yunev et al. (2022) between 1998 and 2018, consistent with the
decreasing trend of nitrate inputs from the Danube River. This
decrease is a continuation of the marked decrease in the number
of exceptional blooms, and the shift towards larger diatom
dominance of the phytoplankton community found between
1991 and 2000, after the intense eutrophication period
(1983-1990) (Bodeanu et al., 2004; Strokal and Kroeze, 2012). In
these areas, the initiation of spring and early summer blooms is
related with the spring intensification of riverine nutrient inputs
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and the establishment of the seasonal pycnocline. In autumn,
high phytoplankton biomass and frequent blooms are observed
when the pycnocline begins to break down and convective mixing
of the water column and storm activity resuspend nutrients
accumulated in bottom waters during the seasonal stratification.

In the open waters of the Black Sea, separated by the above
mentioned ones by the Rim Current that acts as a dynamic barrier
locking the Danube plume waters (Ozsoy and Unliiata, 1997), %EH
prevail between October and March and %EA between April and
September. According to Miladinova et al. (2020) the winter phyto-
plankton bloom, with a peak in February, is the most abundant seasonal
bloom and is closely related to the “cold intermediate layer” dynamics
and the nitrate lifting from the storage in winter. Spring/summer blooms
increase in ‘warm’ years, when the Danube discharge is high, the
abundance of mesoscale eddies in late summer—autumn spread nutrients
and biological matter over the basin, or when the “cold intermediate
layer” is weak (Miladinova et al., 2020). Yunev et al. (2021) also report
on important blooms from July to September maintained by nitrogen
fixation by large diatoms despite low nitrate transport. The modelled
phytoplankton evolution between 1998 and 2017 (Miladinova et al.,
2020) show increasing spring and summer blooms in these areas. In this
study, localized increasing trends of EH are found in the eastern open
Black Sea, while in the western half some spots of increasing EA appear.

Although these comparisons are rather generic and much finer
analysis should be engaged to confirm the interpretation of the EH and
EA patterns and bloom drivers in each area, undoubtedly these extreme
indices are providing valid information on the occurrence patterns of
chlorophyll-a extremes across all European Seas with a beginning of
explanation about their production framework.

One of the main advantages of these two indices approach is its
conceptual and calculation simplicity if compared with other more
complex and sophisticated methods (Di Biagio et al., 2020; Britten,
2022).

However, it has some limitations. The first one relates with the un-
certainties linked to the estimation of chlorophyll-a. Although the use of
frequency-based metrics can palliate the problems of overestimation or
underestimation of the estimated chlorophyll-a values when these biases
are constant through different ranges, there might be important un-
certainties and bias over areas where the estimations of chlorophyll-a
are highly uncertain and erratic, especially in case-2 waters, where
chlorophyll-a estimations can reach extremely high values influenced by
non-covarying concentrations of suspended particulate matter and col-
oured dissolved organic matter (Lavigne et al., 2021), which should
probably be filtered out as outliers.

Other important source of uncertainties is linked with the size and
distribution of data gaps: even if the normalized metrics such as the
percentages can mitigate the potential misinterpretations due to
different sampling sizes across areas and seasons, these data gaps may
also induce uncertainties and bias in the extreme metrics values and
derived patterns, especially in areas and seasons with very low number
of observations. In addition, because of their low frequency (<10%)
extreme events (and their patterns) are more difficult to track with low
sampling efforts.

These limitations could be overcome using datasets aiming at
improved chlorophyll-a estimates and reduced data gaps, such as those
generated under the ESA Ocean Color Climate Change Initiative
(Sathyendranath et al., 2021), the Copernicus-GlobColour project (Eu-
ropean Union-Copernicus Marine Service, 2022) or the updated ocean
color v2022 reprocessing (https://oceancolor.gsfc.nasa.gov/data/repr
ocessing/) for global scales, or other regional datasets proposed for
different European Seas (Brando et al., 2021; Suslin and Churilova,
2016; Lavigne et al., 2021).

Another limitation lies in the impossibility of EH and EA to clearly
discern between the exceedances found in the pre-bloom and post bloom
periods for both the primary and secondary annual blooms and the local
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anomalous episodic events. These indices are also not able to discrimi-
nate extreme events leading to adverse impacts like for instance,
eutrophication or toxic HABs episodes, as other impact-based indicators
do by integrating the context of local exposure and vulnerability to these
impacts (Ruane et al., 2022).

Despite these weaknesses, the EH and EA extremes indices counted
during the 2003-2021 period evidence that both, areas with significant
increasing trends and areas with significant decreasing trends of extreme
chlorophyll-a occurrences are found across the European Seas. The areas
affected with significant increasing trends are higher than those in
which significant decreasing trends are observed. However, the signifi-
cant decreasing trends are found in areas where important ecological
issues were found in the late 20th century, indicating a positive recovery
or reduction of eutrophication events due to management measures
(Andersen et al., 2017; OSPAR Commission, 2017; Salgado-Hernanz
et al., 2022). Overall, the EH and EA trends are reflecting the climate-
driven physical, and ecological changes as well as the anthropogenic
activities and measures that are affecting the European Seas.

In conclusion, this study provides a good basis for future work to i)
validate the identification and counting of EH and EA extreme events by
testing them against good quality in-situ time series of chlorophyll-a in
different marine water types, ii) complement and/or compare these
indices with others extreme indices or approaches and iii) promote a
deeper analysis of the specific drivers of the extreme events identified to
soundly support assessments and decision making.
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